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ABSTRACT
The use of tin disulfide (SnS2) as a candidate material for saturable absorption in nonlinear optical devices is investigated in this article.
A dual-wavelength soliton mode-locked fiber laser is demonstrated using a fabricated SnS2 thin film as a saturable absorber within an
erbium-doped fiber laser cavity. The laser generates two peaks centered at 1536.7 and 1562.6 nm, with a pulse width of 5.3 ps. The experi-
mental results indicate that the SnS2 thin film has the required absorption characteristics to realize good mode-locked operation. Thus, we
confirm that SnS2 has great potential to be used in multiwavelength ultrafast fiber laser applications.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5097332
I. INTRODUCTION
Typical two-dimensional (2D) materials such as graphene,1
transition metal dichalcogenides (TMDs),2,3 and black phospho-
rus4 have attracted much interest in recent years due to their
excellent electrical and optical properties. Among these materials,
graphene has been the most studied and it was widely used in
many devices and applications including modulators,5 photode-
tectors,6 and ultrafast pulse fiber lasers.7 However, the small
bandgap of graphene limits its application in both semiconductor
and optoelectronic devices.8 One of the limitations that stands
out is the complex fabrication of graphene due to its bandgap.9 In
contrast with graphene, graphenelike materials (such as black
phosphorus and TMDs) exhibit a suitable bandgap for operation
in different wavelength regions2,3,10,11 and this has facilitated
their widespread application, especially in the field of ultrafast
pulse fiber lasers. However, black phosphorus would be rapidly
degraded in ambient conditions, which means that it can be
damaged easily during application in its natural environment.12
The mechanical instability of BP has, therefore, restricted its
development. Under these circumstances, TMDs have shown
huge potential in ultrafast photonics due to their excellent third-
order nonlinearity and saturable absorption capacity.13 Generally,
typical TMDs such as WS2-, MoS2-, and SnS2-based optoelec-
tronic devices mainly work in the visible region, which is deter-
mined by their bandgap.13 However, WS2 and MoS2 have also
been widely used in the near-infrared (NIR) and mid-infrared
(MIR) regions beyond their bandgap.14,15 This indicates that these
materials have a broadband saturable absorption property.
Furthermore, WS2 and MoS2 have been reported as saturable
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absorbers (SAs) for operations in 1:1 μm,16 1:5 μm,2 and 2:0 μm17
regions.
More recently, SnS2 has also attracted a lot of interest due to
its many advantages, including low cost, high stability, and out-
standing optical properties, e.g., see Refs. 18 and 19. SnS2 has a
bandgap within 2.033–2.4 eV, which is wider than other TMDs18
and, thus, it is more suitable for some electronic applications. It
was reported in 2012 that SnS2-based devices have good photosen-
sitivity and stability, and their ultraviolet light response is also very
fast.20 In 2018, it was also reported that SnS2 can perform optical
modulation.21 Additionally, SnS2 can also be used in energy
storage, field-emitting devices, and ultrafast pulse lasers.19 Yang
and Liu showed that SnS2 has a broadband saturable absorption
characteristic and it can be used in fiber lasers to generate ultra-
short pulses.21 Niu et al. also achieved passively Q-switched lasing
in an erbium-doped fiber laser with an SnS2 saturable absorber.
22
Up to now, SnS2 has been studied in a wide range of application
fields and has excellent potential for further development.23
Meanwhile, Siddiq et al. achieved tunable Q-switched pulse laser
with tin oxide, which confirms that the tin compound has a great
potential to be used in the fiber laser applications and the genera-
tion of a pulsed laser.24,25 All the previous reports indicate that tin
disulfide has a huge potential to be investigated. However, SnS2, a
2D material with high nonlinearity and saturable absorption capac-
ity, has to date rarely been studied for multiwavelength fiber laser
application.
In this paper, an SnS2-PVA film is used as a saturable
absorber to generate dual-wavelength mode-locking pulses in an
erbium-doped fiber laser (EDFL) cavity. The SnS2-PVA film was
prepared using chemical synthesis and its nonlinear absorption
measured using the balanced twin-detector measurement technique
using an in-house designed and built ultrafast fiber laser. The film
has a modulation depth of 5.1%, indicating that SnS2 has a good
saturable absorption characteristic. The experimental results clearly
indicate that SnS2 has excellent potential for use in mode-locked
fiber lasers, especially for multiwavelength operation.
II. EXPERIMENT
The SnS2 powder used in this work was synthesized entirely
in-house using a chemical synthesis method as described in detail
in Ref. 18. First, 0.91 g SnCl  5H2O, 0.51 g CH3CSNH2, and 35 mL
HCL solutions (concentration of 4.3%) were mixed in a beaker.
The mixture was slowly stirred for 10 min using a magnetically
actuated stirrer and then ultrasonicated for 30 min in an ultrasonic
cleaner (KQ-300E). After the cleaning step, the mixture was sealed
into the autoclave (GSHA, Xintai) for 12 h at a temperature of
200 C. After the reaction, the SnS2 powder obtained was cleaned
five times using anhydrous ethanol. Finally, the SnS2 powder is left
in a vacuum environment to dry for 5 h at 50 C.
To fabricate the SA, the SnS2 powder was embedded into a
PVA (polyvinyl alcohol) thin film. In the process, the SnS2
powder was mixed with PVA solution in another beaker. The
PVA solution was prepared by dissolving PVA powder
(MFCD00081922, Sigma Aldrich) into 80 mL of deionized water
(DI) water and then stirred at 145 C until the powder dissolved
completely. The SnS2 PVA mixture was then slowly stirred for a
further 2 h using a magnetically actuated stirrer. The resulting
suspension was then poured into a petri dish and left to dry at
room temperature. The suspension dried to a film after two days.
Finally, the SnS2-PVA film was slowly peeled from the petri dish
carefully. The image of the fabricated SnS2-PVA film is shown in
Fig. 1(a). The film is pale yellow in color, which is clearly
signified by the red circle. The SnS2-PVA film was cut into a
square film (1  1  0:01mm3) to attach onto an FC or PC fiber
ferrule in the experiment.
The SnS2 sample was then optically characterized using a
Raman spectrometer and the result is shown in Fig. 1(b). A typical
Raman peak was obtained at about 313:8 cm1, which corresponds
to the A1g mode and the result agreed very well with earlier
findings.21 Another Raman peak located around 204:5 cm1 was
also observed, which corresponds to the Eg mode.
21 The thickness
of the SnS2 film sample was then measured using the atomic force
microscope (AFM). The AFM image of SnS2 and the height mea-
sured are shown in Figs. 1(c) and 1(d), respectively. The thickness
of the SnS2 sample was about 13.37 nm, which indicates that the
layer number of the SnS2 sample was in the range 15–16.
19
To confirm the saturable absorption ability of the SnS2-PVA
thin film, the nonlinear absorption curve was measured as shown
in Fig. 2. It was experimentally measured using the balanced twin-
detector technique2 using a femtosecond fiber laser (center wave-
length: 1550 nm, pulse width: 300 fs, repetition rate: 15MHz) as
the pumping source. The blue points in Fig. 2 represent the experi-
mental data, which show the trend of nonlinear absorption. The
red solid curve represents the fitting line of the experimental data
based on a simplified two-level saturable absorption model,23
which clearly indicates the presence of a typical saturable absorp-
tion characteristic. The trend curve indicates that the transmission
increases with the increase of pulse intensity until it reaches satura-
tion. The saturable absorption modulation depth is about 5.1%
FIG. 1. Characteristics of SnS2. (a) The image of fabricated SnS2-PVA film. (b)
Raman spectrum of SnS2. (c) AFM image of SnS2. (d) The height measure-
ment of the selected-area in Fig. 1(c).
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at the wavelength of 1:55 μm, which is clearly presented by the
experimental data and fitting curve in Fig. 2. The nonlinear loss is
also shown about 40.1% and the saturable intensity is about
23:1MW=cm2. From the result, it is confirmed that the SnS2-PVA
thin film is well suited for saturable absorption at the NIR region.
In this waveband, the bandgap of the fabricated SnS2 is higher than
the photon energy and the extraordinary saturable absorption of
SnS2, and this can be attributed to the sub-bandgap absorption,
which originates from the atomic defect in SnS2.
24,25 The saturable
absorption capability of a pure PVA thin film was also measured
using the same balanced twin-detector technique. No nonlinear
response was observed, thus conforming that the saturable absorp-
tion property solely originated from the SnS2 material.
Due to the excellent optical properties of the SnS2-PVA thin
film established above, the film was deployed inside an EDFL cavity
to function as SA and hence generate a mode-locking pulse train.
The experimental setup of the EDFL is shown in Fig. 3, which
consists of a 980 nm laser diode (MCPL-980-SM), a 980/1550
wavelength division multiplexer (WDM, MCWDM-98/15), 5 m
long erbium-doped fiber [EDF, ER16-8/125, 16:3 ps=(kmnm)],
a polarization controller (PC, MP-1550), an optical coupler (OC,
1550 FBT Coupler) with 10% output, and a polarization independent
isolator (PI-ISO, MCI-1550). In this proposed EDFL, the single-
mode fiber [SMF, 18 ps=(kmnm)] for adjusting net dispersion was
86m in length and the total cavity length was 98.5m. the net disper-
sion in-cavity was 2:04 ps2. The laser was operated in the anoma-
lous dispersion regime and, thus, a conventional soliton pulse is
expected to be generated due to the balance between dispersion and
the nonlinearity.2
III. RESULTS AND DISCUSSION
In the experiment, the EDFL initially operated in continuous
wave mode with a pump power of 50 mW. When the pump power
was increased to 75 mW, stable pulse trains were achieved by
carefully adjusting the PC in the laser cavity. Dual-wavelength
soliton pulses were also easily obtained at a pump power of
75 mW by careful adjustment of the PC. Figure 4(a) shows the
output spectrum of the dual-wavelength soliton as measured
using an optical spectrum analyzer (OSA, YOKOGAWA,
AQ-6370C) with 0.02 nm resolution. As shown in Fig. 4(a), the
spectrum is a typical solitonlike shape with the characteristic
Kelly sideband. The two peaks are located at wavelengths of
1536.7 nm and 1562.6 nm, and the 3-dB spectral bandwidth was
obtained as 0.5 nm for both peaks. Meanwhile, the typical pulse
train of the soliton pulses is shown in Fig. 4(b). It indicates a
period of 470.5 ns, which corresponds to a fundamental cavity
frequency of about 2.1 MHz and matches well with the cavity
roundtrip time. This verifies the mode-locking operation of the
modified EDFL.
The pulse width of the laser was then measured using an
autocorrelator (Pulse Check SM 350). The autocorrelator trace is
shown in Fig. 4(c), which indicates a full width at half-maximum
(FWHM) value of 5.3 ps. The time-bandwidth product can be cal-
culated as 0.45 (a little higher than the theoretical limit value
0.315), which indicates that the optical pulse is slightly chirped.
In the experiment, no timing jitter was present and only a single
clean pulse train was observed. This indicates that the 1536.7 nm
and 1562.6 nm lasing peaks have the same pulse train characteris-
tics, which are similar to previous works.26,27 In some situations,
the dual-wavelength pulse lasers could have different pulse train
characteristics. No suitable filter was available in our lab to optically
filter the output. However, through an analysis of the pulse train in
the experiment and comparison with previous reports referred to
above, it is valid to conclude that the 1536.7 nm and 1562.6 nm
lasing peaks have the same pulse train characteristics.
In the dual-wavelength pulse experiment, the parameter of the
laser cavity has to take into account the balance of the nonlinearity
and net dispersion to achieve stable dual-wavelength operation.
Thus, the pulse duration and the cavity length have been affected
more or less. Actually, the pulse duration is shorter when the single-
wavelength pulse is obtained. Another reason for the existence of
long pulse duration is due to the quality of the SnS2-PVA SA.
Fabrication of the SnS2 was not conducted in the superclean room,
FIG. 3. Schematic diagram of the proposed mode-locked EDFL.
FIG. 2. The nonlinear absorption of fabricated SnS2-PVA thin film at 1550 nm.
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which means it could be influenced by the fine dust and other impu-
rities that could in turn cause a large loss value. SnS2-PVA film is
also susceptible to thermal effects which in turn can affect its perfor-
mance as a laser material. Considering the reasons outlined above, it
is envisioned that SnS2 is expected to be transferred directly onto the
microfiber or polished-fiber to weaken the thermal effect in the
future work.
In this experiment, the photon energy of the laser is about
0.8 eV, which is smaller than the bandgap of SnS2. The saturable
absorption of SnS2 is, therefore, not due to the direct bandgap and is
thus caused by sub-bandgap absorption. It is widely known that no
sub-bandgap absorption exists in perfect crystals.22 However, the
sub-bandgap absorption at low photon energy can be widely
obtained, which is mostly due to the energy level within the bandgap
arising from the edge-state in a finite system.28 Sub-bandgap satura-
ble absorption phenomena have appeared in many reports on ultra-
fast fiber lasers based on WS2 and MoS2 SA.
14,29 The saturable
absorption of SnS2 and the experimental results obtained in this
work have confirmed the existence of sub-bandgap absorption which
originates from atomic defects in SnS2.
The average output power of the laser was measured using an
optical powermeter (Newport, 1918-R) and the result is shown in
Fig. 4(d). The correlation between input and output power presents
a linear relationship with an optical conversion efficiency of 4.88%.
A maximum average output power of about 24.4 mW was obtained
at a pump power of 500 mW. The maximum single pulse energy
and peak power were obtained as 11.5 nJ and 2.17 kW, respectively.
In the experiment, the soliton was firstly generated at 75 mW.
When the pump power was further increased from the threshold of
75 mW to the maximum power of 500 mW, there is no clear
change of the spectrum shape and pulse train, excepted for the
intensity. The pulse operation remained in the single pulse mode-
locked state until the pump power reached 500 mW, and no multi-
ple pulses were observed. The laser measurement at 75 mW is
shown in Fig. 4. No self-mode-locked or Q-switched operations
were obtained in this laser cavity. Actually, self-mode locked or
Q-switched operations are a normal occurrence within a long-
length ring laser cavity due to the Kerr effect in high pump power
cases. In this laser cavity, a long laser cavity and polarization con-
troller (PC) exist in the same optical path, which influence the laser
performance and weaken the role of SnS2-PVA SA. In order to
ensure that the soliton pulse is caused by the SnS2-PVA SA, the
parameters of the laser were optimized accordingly. After measur-
ing the lasing performance based on the SnS2-PVA SA, the SA was
removed to confirm the laser state. In this case, the self-mode lock-
edlike spectrum and a pulsed waveform were obtained; however, it
was not stable. This lasing state was observed continuously for a
full half hour, and no stable pulse operation was achieved.
Figure 5 shows the spectrum measured during 5 h with an
interval of 1 h. From the results, one can see that the proposed
fiber laser has an excellent long-time stability. No RF spectra are
provided, mainly due to the limitation of availability of this kind of
FIG. 4. Dual-wavelength soliton charac-
teristics of the proposed fiber laser. (a)
Optical spectrum. (b) Typical oscilloscope
pulse waveform. (c) Autocorrelation trace.
(d) Output power vs the pump power.
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test equipment in our lab (no radio frequency spectrum analyzer in
our lab). The oscilloscope pulse waveform was measured using a
Tektronix MDO4054-6, and the RF resolution of this oscilloscope
is low, which means that it was not possible to accurately define or
capture RF spectra in the real laboratory situation.
In this paper, no comb filter was added into the laser cavity;
however, the stable dual-wavelength generation can be observed.
The reason can be simply explained as follows: (1) the fabricated
SnS2-PVA film was added into the laser cavity for enhancing the
high nonlinear effects in the cavity; (2) the reasonable high nonlin-
earity of SnS2 has been proved by the Z-scan measurement in the
previous work.22 Therefore, it is clear to generate dual-wavelength
pulse in the proposed fiber laser due to the combination of the
high nonlinear effects of the SnS2-PVA film and the spectral
filtering effect, which is caused by the combination of the polariza-
tion dependence induced by the polarization controller and intra-
cavity birefringence of single-mode fiber.30
IV. CONCLUSION
SnS2-PVA thin film was successfully fabricated and inserted
into the proposed EDFL to act as a SA device. A dual-wavelength
soliton was easily obtained at a relatively low threshold pump power
of 75mW. The two peaks of the dual-wavelength soliton are located
at 1536.7 nm and 1562.6 nm with a pulse width of 5.3 ps. The experi-
mental results in this paper provide evidence to prove that SnS2
exhibits a nonlinear saturable absorption characteristic beyond the
large bandgap and further proves that SnS2 has excellent potential
for use in applications as a multiwavelength fiber laser.
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